Intracellular lipid accumulation in the heart is associated with cardiomyopathy, yet the precise role of triglyceride (TG) remains unclear. With exercise, wild type hearts develop physiologic hypertrophy. This was associated with greater TG stores and a marked induction of the TG-synthesizing enzyme diacylglycerol (DAG) acyltransferase 1 (DGAT1). Transgenic overexpression of DGAT1 in the heart using the cardiomyocytespecific ␣-myosin heavy chain (MHC) promoter led to approximately a doubling of DGAT activity and TG content and reductions of ϳ35% in cardiac ceramide, 26% in DAG, and 20% in free fatty acid levels. Cardiac function assessed by echocardiography and cardiac catheterization was unaffected. These mice were then crossed with animals expressing long-chain acyl-CoA synthetase via the MHC promoter (MHC-ACS), which develop lipotoxic cardiomyopathy. MHC-DGAT1XMHC-ACS double transgenic male mice had improved heart function; fractional shortening increased by 74%, and diastolic function improved compared with MHC-ACS mice. The improvement of heart function correlated with a reduction in cardiac DAG and ceramide and reduced cardiomyocyte apoptosis but increased fatty acid oxidation. In addition, the survival of the mice was improved. Our study indicates that TG is not likely to be a toxic lipid species directly, but rather it is a feature of physiologic hypertrophy and may serve a cytoprotective role in lipid overload states. Moreover, induction of DGAT1 could be beneficial in the setting of excess heart accumulation of toxic lipids.
glycerol (DAG) to TG, is catalyzed by diacylglycerol acyltransferase (DGAT) enzymes. DGAT1 and DGAT2 are unrelated proteins that exhibit DGAT activity (1) . DGAT1 belongs to a gene family that includes ACAT1 and ACAT2 (acyl-CoA:cholesterol acyltransferases 1 and 2) (1-3), whereas DGAT2 is a member of a larger gene family whose members include acylCoA:monoacylglycerol acyltransferase (3). Although both enzymes catalyze the same reaction in TG synthesis, they are functionally distinguished by their differences in regulation and substrate specificity (2, 4 -7) . For example, DGAT1, but not DGAT2, will esterify other lipids such as retinol (2, 8) . DGAT1 is widely expressed in all tissues, with high expression in white adipose tissue, skeletal muscle, heart, and intestine (1); DGAT2 is primarily expressed in the liver (1, 2) .
Studies to understand the roles of DGAT1 and -2 have been performed using genetically modified mice. Investigators have studied whether DGATs regulate insulin actions and toxic effects of lipids on tissue. DGAT1 knock-out mice have reduced obesity on a high fat diet (6) . Moreover, when these mice were crossed onto the agouti background they had increased insulin sensitivity (9) . Transplantation of DGAT1-deficient adipose tissue into wild type (WT) mice decreased adiposity and increased insulin sensitivity (10) . These experiments suggest that DGAT1 inhibition reduces obesity/lipid storage and promotes insulin actions. This has spurred pharmacologic development with the objective of inhibiting DGAT1 as a treatment for obesity.
In contrast to the beneficial effects of DGAT1 inhibition on obesity development, overexpression of DGAT1 using an AP2 promoter led to greater obesity but not insulin resistance in C57BL6 (11) but not FVB mice (12) . Overexpression of DGAT1 in the liver (13) or in the skeletal muscle (14) increased TG storage but did not cause insulin resistance. Thus, in some situations greater conversion of toxic lipids, such as DAG, ceramide, or fatty acids, to inert TG may be beneficial (14, 15) .
We first studied whether chronic exercise increases heart TG storage and induces lipid metabolism. Highly trained rodents and humans have skeletal muscle TG accumulation associated with up-regulation of DGAT1 (16, 17) , but whether similar changes in lipid content occur in the setting of physiologic hypertrophy of the heart is unclear. We then created mice expressing DGAT1 in cardiomyocytes using the ␣-myosin heavy chain promoter (the transgene is referred to as MHC-DGAT1). We report the characterization of these mice and the effect of MHC-DGAT1 added to a model of cardiac lipotoxicity.
EXPERIMENTAL PROCEDURES
Exercise Protocol-All animal procedures were approved by the Institutional Animal Care and Use Committee at Columbia University. Eight-week-old FVB mice were assigned to sedentary or exercised groups. Mice were swum in tanks. The swimming protocol was a modification of the procedure used by Ryder et al. (18) . Water temperature was maintained at 34 -35°C. Mice were swum for 10-min sessions twice a day separated by a 10-min break. Sessions were increased by 10 min each day until the 4th day; mice were then allowed to swim for six 30-min intervals separated by 10 -15-min rest periods. After the last swim interval, mice were dried and put back in their cages for 18 -20 h.
Creation of Transgenic Mice and Mouse Breeding-The MHC-DGAT1 transgene contained, from the 5Ј-to the 3Ј-end, a 5.5-kb MHC promoter, a full-length human DGAT1 cDNA and a 0.97-kb PCR fragment of human growth hormone genomic DNA containing two introns (four and five), three exons (three, four, and five), and the poly(A) signal ( Fig. 2A) . Transgenic mice were derived from fertilized eggs of the CBA/ C57BL6 hybrid. Lines of MHC-DGAT1/FVB mice were developed after six backcrosses with the wild type FVB strain (The Jackson Laboratory). The O7 line of MHC-acyl-CoA synthetase 1 (MHC-ACS) mice has been described previously (19) . Genotyping was carried out by PCR or Southern blot using genomic DNA extracted from mouse tails (14) .
Measurement of DGAT Activity-Heart muscle DGAT activity was measured in vitro in membrane fractions isolated from muscle specimens using [
14 C]palmitoyl-CoA as described previously (14, 20) . Briefly, ventricular heart muscle was homogenized in a buffer (20 mM HEPES, pH 7.4, 1 mM CaCl 2 , 1 mM MgCl 2 ), 1 mM dithiothreitol, and a mixture of protease inhibitors containing phenylmethylsulfonyl fluoride, leupeptin, and pepstatin. One-fourth volume of 30% sucrose was added to the sample immediately following homogenization. The homogenization mixture was then centrifuged at 1,500 ϫ g for 10 min at 4°C. The supernatant was spun at 150,000 ϫ g for 1 h at 4°C. The membrane pellet was homogenized and resuspended in a buffer containing 20 mM HEPES, pH 7.4, 0.25 M sucrose, 1 mM dithiothreitol, and protease inhibitors. Protein concentration was determined using the protein assay reagent kit (Bio-Rad).
To measure DGAT1 activity, 10 g of membrane protein was used in a 200-l reaction mixture containing 100 mM Tris, pH 7.5, 250 mM sucrose, 1 mg/ml bovine serum albumin, 150 mM MgCl 2 , 0.8 mM EDTA, 0.25 mM 1,2-dioleoylsn-glycerol, and 25 M palmitoyl-CoA containing 0.3 Ci of 14 C. The reaction was carried out at 37°C for 5 min and stopped by adding 0.75 ml of lipid extraction solvents (chloroform/methanol in a ratio of 2:1). After adding 0.375 ml of acidic solution (1 mM H 2 SO 4 , 17 mM NaCl), the organic phase was removed and evaporated under a stream of N 2 . Lipids were redissolved in 20 l of hexane and then analyzed by TLC using plates that were developed in hexane/diethyl ether/glacial acetic acid in a ratio of 70:30:1 (v/v). Chromatographic bands containing TG were cut out after iodine staining and quantified by scintillation counting.
Lipid Extraction, TG, and Free Fatty Acid (FFA)
Measurements-Lipids were assessed in hearts isolated from mice fasted for 12 h and perfused with phosphate-buffered saline. To measure TG, DAG, FFA, and ceramide, lipids were first extracted from muscles using chloroform/methanol/HCl (21) . Butylated hydroxytoluene (0.01%) was added in the extraction solution as an antioxidant, and [
3 H]triolein (0.25 Ci) was added as an internal standard for TG recovery. TG and FFA mass in lipid extracts was determined enzymatically with a colorimetric kit (TG from Sigma and FFA from Wako) and normalized to recovered standard. Blood from fasted (12 h) mice was collected from retro-orbital plexus for the measurement of plasma total cholesterol (Thermo Electron Corp.), TG, and FFAs.
DAG Kinase Activity-DAG and ceramide levels were measured using a DAG kinase-based method, in which DAG and ceramide are phosphorylated to form 32 P-labeled phosphatidic acid and ceramide 1-phosphate, respectively, and then quantified (22) . Lipids extracted from muscle were dried under a N 2 stream and redissolved in 7.5% octyl ␤-D-glucoside containing 5 mM cardiolipin and 1 mM diethylenetriamine pentaacetate. The reaction was performed at room temperature for 30 min in 100 mM imidazole HCl, 100 mM NaCl, 25 mM MgCl 2 , 2 mM EGTA, pH 6.6, 2 mM dithiothreitol, 10 g/100 l DAG kinase (Sigma), 1 mM ATP, and 1 Ci/100 l [␥-
32 P]ATP. The reaction was stopped by addition of chloroform/methanol (2:1, v/v) and 1% HClO 4 . Lipids were extracted and washed twice with 1% HClO 4 . Lipids were redissolved in chloroform/methanol and analyzed by TLC (Partisil K6 adsorption TLC plates, Whatman) with a mobile phase containing chloroform/methanol/acetic acid (65:15:5, v/v). The bands corresponding to phosphatidic acid and ceramide 1-phosphate were identified and siliconscraped into a scintillation vial for radioactivity measurement. [ 3 H]Triolein bands from the same TLC plates were also identified and quantified in the same way and were used as controls for lipid recovery.
Gene Expression-Total RNA was extracted using a TRIzol kit from Invitrogen. One g of RNA was initially treated with DNase I (Invitrogen). The RNA samples were then reversetranscribed using the SuperScript III First-strand Synthesis System for reverse transcription-PCR (Invitrogen). Real time amplification was performed using iQ SYBR Green Supermix (Bio-Rad). Primers used for PCR amplification are listed in supplemental Table 1 . Analysis was performed using iCycler iQ Real Time Detection software (Bio-Rad).
Histology-Ventricle heart muscle was embedded in TissueTek OCT compound (Sakura Finetek). Tissue sections (7-m sections) were stained with oil red O and counterstained with hematoxylin and eosin.
Echocardiographic Analysis-Two-dimensional echocardiography was performed in conscious 3-4-month-old mice with light anesthesia using techniques described previously (Sonos 5500 System; Philips Medical Systems) (23) . Two-dimensional echocardiographic images were obtained and recorded in a digital format. Images were analyzed off-line by a researcher blinded to the murine genotype. Left ventricular end diastolic dimension (LVDd) and left ventricular end systolic dimension (LVDs) were measured. Percent fractional shortening (FS), which quantifies contraction of the ventricular wall and is an indication of muscle function, was calculated as % FS ϭ ((LVDd Ϫ LVDs)/LVDd) ϫ 100.
Cardiac Catheterization-Hemodynamic evaluation in intact closed-chest anesthetized mice (4 months of age) was performed using a 1.4F Millar MIKRO-TIP catheter/pressure transducer (SPR-671, Millar Instruments, Inc.). Mice from the different groups were anesthetized using pentobarbital (50 -100 mg/g, intraperitoneal). The Millar catheter was inserted into the right carotid artery and advanced retrograde into the left ventricle. After a stabilization period, base-line hemodynamic parameters were recorded using the PowerLab system (AD Instruments). The left ventricular end diastolic pressure and the maximal rates of rise and fall in left ventricular pressure (LVdP/dt max and LVdP/dt min ) were determined from consecutive 10 beats and then averaged. All measurements and data analysis were performed in a blind fashion by a single investigator who had no knowledge of the genotype of the mice tested.
Mitochondrial DNA Copy Number-Mitochondrial DNA copy number was measured using quantitative real time PCR as described previously (24) . Mitochondrial DNA for NADH dehydrogenases 1 (forward, acgcaaaatcttagggtaca, and reverse, tattatggctatgggtcagg) and nuclear DNA for ␤-actin (forward, ctgcctgacggccagg, and reverse, ggaaaagagcctcagggcat) were coamplified within the same reaction wells.
Fatty Acid Uptake and Oxidation-Heart muscle fatty acid uptake and oxidation were measured using heart muscle slices as described previously (14, 25, 26) . Hearts were removed and immediately sliced with a sharp razor transversely across the ventricles forming rings ϳ0.1-0.2-mm thick and usually 20 -30 mg wet weight. The time between the removal of the heart from the body and the completion of the slicing was Ͻ5 min. Isolated heart muscles were first washed for 1 h at 37°C in Krebs-Henseleit bicarbonate buffer (10 mM HEPES, pH 7.35, 24 mM NaHCO 3 , 114 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , and 2.2 mM CaCl 2 ) containing 8 mM glucose, 32 mM mannitol, and 0.1% bovine serum albumin. The reaction was initiated by adding to the mix pre-conjugated bovine serum albumin/fatty acid solution (final concentrations: 0.2 mM palmitate with 10 mCi/ml of 9,10-[ 3 H]palmitate and 1.25% bovine serum albumin). The fatty acid oxidation product 3 H 2 O was determined in muscles incubated for 2 h at 37°C. An aliquot of the completed reaction mixture was transferred into an open microtube that was then placed inside a scintillation vial containing 0.5 ml of distilled water. The scintillation vial was then capped and incubated at 50°C for 18 -24 h to reach vapor-phase equilibrium. After the transfer of 3 H 2 O from the reaction mixture to the scintillation vial (by water equilibration), the 3 H 2 O in the scintillation vial was scintillation-counted. The transfer and counting efficiency was calibrated using a standard solution containing 0.1 Ci of 3 H 2 O for re-equilibration. After washing with three times icecold phosphate-buffered saline, the tissue was homogenized, and trapped radioactivity plus total produced 3 H 2 O were counted as fatty acid uptake.
Statistics-All data are presented as mean Ϯ S.D., except if indicated. Comparisons between two groups were performed using unpaired two-tailed Student's t tests with Statistica version 6.0 (StatSoft). p value less than 0.05 was used to determine statistical significance. Multiple regression analyses were performed to show correlations between heart lipids and heart function. The forward and backward stepwise regression analyses were used to assess independent effects and contributions of different heart lipids and function. Survival was analyzed by log-rank test.
RESULTS
Exercise Increases Heart TG Stores and Induces DGAT1-WT mice underwent a 2-week intensive swimming exercise protocol. At the end of this period, plasma cholesterol, TG, and FFA were decreased, but there was no change in plasma glucose (supplemental Table 2 ). Heart to body weight ratio increased ϳ28%, and heart TG content doubled (Fig. 1, A and B) . Other potentially toxic cardiac lipids such as FFA (ϳ15% less), ceramide (ϳ10% less), and DAG (ϳ10% less) were all reduced (Fig.  1, C-E) . These changes in lipid metabolites were associated with an ϳ3-fold increase in cardiac DGAT1 mRNA expression (Fig. 1F) . Changes in gene expression with exercise suggested greater TG uptake and oxidation; lipid uptake genes CD36 and lipoprotein lipase were more than doubled, and PDK4, a regulator of glucose oxidation, and acyl-CoA oxidase and CPT1 increased about 2-fold in the exercise group (Table 1) . PPAR␣ mRNA was elevated about 3-fold in the exercise group, and mRNA for PGC1␣ (PPAR␥ coactivator 1␣), a regulator of mitochondrial biogenesis, increased Ͼ3-fold. Adipose TG lipase (ATGL), the enzyme that initiates intracellular TG lipolysis (26) , was also induced. mRNA levels of heart failure markers (ANF and BNP), PPAR␥ and -␦, and DGAT2 were not significantly altered. Therefore, similar to skeletal muscle (14) , exercise training leads to more cardiac TG storage, increased expression of fatty acid oxidation genes, and marked up-regulation of the TG storage enzyme DGAT1.
Creation of MHC-DGAT1 Transgenic Mice-To determine whether DGAT1 up-regulation in the heart would reproduce the metabolic effects of exercise, we generated mice with cardiac selective overexpression of DGAT1 using the MHC promoter ( Fig. 2A) . Although the transgene was expressed primarily in heart, a small amount of expression was also found in skeletal muscle but not in other tissues (Fig. 2B) . DGAT activity was increased ϳ3-fold in cardiac tissue from these mice (Fig.  2C) , and this was associated with a doubling of heart TG (Fig.  2D) . FFA in plasma was decreased about 10%, whereas plasma TG was not changed (supplemental Table 3 ). Because DGAT1 uses FFA to convert DAG to TG, we assessed the concentration of these lipids in heart tissue. There was an ϳ20% reduction in FFA and ϳ30% reduction in DAG (Fig. 2, E and F) . Ceramide was also reduced ϳ20% in MHC-DGAT1 hearts (Fig. 2G) . Thus, mice overexpressing functional DGAT1 in the heart muscle were created, and the expected effect of the DGAT1 transgene, an increase in TG production, occurred.
Expression of Genes Affecting Lipid Metabolism and Heart Failure-Genes related to heart metabolism and heart failure were assessed (Table 2) . We first determined whether the transfer of more lipids into TG led to reduced expression of genes regulated by PPARs and was responsible for fatty acid oxidation. Neither PPAR␣ nor -␦ expression was altered. Acyl-CoA oxidase was not changed, but CPT1 increased about 3-fold in MHC-DGAT1 transgenic mouse hearts. PDK4 was increased ϳ2.5-fold in the MHC-DGAT1 mice. CD36 was up-regulated ϳ3-fold, whereas lipoprotein lipase was not changed. ATGL was 4-fold higher than in the WT, whereas HSL was not changed. This gene expression pattern suggests that MHC-DGAT1 hearts both store and oxidize more lipids. ANF, BNP, and indicators of endoplasmic reticulum stress (CHOP and BIP), were not increased by the MHC-DGAT1 transgene (Table 2) . Thus, the changes in metabolic gene expression and the cardiac lipid profile due to DGAT1 appeared similar to those of exercise.
Effects of MHC-DGAT1 Expression on Heart Lipids in MHC-ACS Mice-Because the MHC-DGAT1
transgene reduced ceramide and DAG, we next studied whether the MHC-DGAT1 transgene would affect heart lipids, gene expression, or function in a model of lipotoxicity because of increased heart trapping of fatty acids. Heart TG levels in MHC-ACS mice are even greater than those of MHC-DGAT1 (compare Fig. 3A versus Fig. 2D ). Surprisingly, TG levels in the double transgenic mice were similar to both of the single transgenic lines (Fig. 3A) . Compared with MHC-ACS single transgenic mice, the double transgenic mice had reduced ceramide and a trend for decreased DAG but no changes in FFA levels in cardiac tissue (Fig. 3, B-D) .
MHC-DGAT1 Improves MHC-ACS Cardiomyopathy-Heart/body ratio was not changed in MHC-DGAT1 transgenic mice, compared with the WT (Fig. 4A) . Despite increased TG content, cardiac function of MHC-DGAT1 mice evaluated by both echocardiography and direct catheterization was normal; neither FS nor LVDs were altered (Fig. 4, B-D) . Similarly cardiac catheterization showed no evidence of heart dysfunction in MHC-DGAT1 mice (supplemental Fig. 1, A-C) .
In contrast and as has been reported previously (19) , MHC-ACS mice had cardiac dysfunction, but this was reduced in the MHC-ACSXMHC-DGAT1 double transgenic mice. Echocardiography of 4-month-old male mice showed improved FS (15% FS in MHC-ACS versus 24% FS in MHC-DGAT1XMHC-ACS, see Fig. 4, B-D) . Cardiac catheterization revealed that MHC-DGAT1XMHC-ACS hearts had improved systolic con-FIGURE 1. Exercise effects on heart DGAT1 expression and lipid. A, heart to body weight ratio in sedentary (SED) and exercised (EXE) FVB mice (n ϭ 5). B-E, TG, FFA, DAG, and ceramide content in heart muscles isolated from sedentary and exercised FVB mice (n ϭ 5). F, relative DGAT1 expression in exercise group compared with sedentary group, real time PCR (n ϭ 5). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. Fig. 1, D-F) .
Expression of Genes in MHC-DGAT1XMHC-ACS Hearts-
Crossing MHC-DGAT1 onto MHC-ACS improved heart failure markers despite minor effects on lipid metabolic genes ( Table 2 ). ANF and BNP were increased in MHC-ACS mice, but consistent with the functional results, these heart failure markers were decreased by the MHC-DGAT1 transgene. ATGL FIGURE 2. Creation and characterization of MHC-DGAT1 transgenic mice. A, DGAT1 transgene contains (from the 5Ј-to 3Ј-end) the 5.5-kb MHC promoter, a human DGAT1 cDNA containing its own initiation and termination codons, and the genomic sequence of human growth hormone (hGH) containing the last 3 exons and 2 introns as indicated. B, tissue distribution of the DGAT1 transgene mRNA levels measured by reverse transcription and PCR amplification. C, total DGAT activity levels in membrane fractions of heart muscles from WT and transgenic mice (n ϭ 3 in each group). D-G, TG, FFA, DAG, and ceramide contents in heart muscles isolated from WT and transgenic mice (n ϭ 5-6). *, p Ͻ 0.05; **, p Ͻ 0.01.
DGAT1 Expression Increases Heart TG Content
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expression was about 2-fold higher in MHC-DGAT1XMHC-ACS mice compared with MHC-ACS transgenic mice. PPAR␣ and PPAR␥ mRNA levels in MHC-DGAT1XMHC-ACS mice were more than 2-fold greater than those in MHC-ACS mice. There were no obvious changes in genes responsible for lipid oxidation. Compared with WT hearts, both MHC-ACS and MHC-DGAT1XMHC-ACS hearts had reduced expression of PDK4, suggestive of greater glucose oxidation, which might be related to the developing heart failure.
Reduced expression of antioxidant genes might promote myocardial dysfunction (27) . The expression of anti-oxidant genes catalase and glutathione peroxidase (GPX1) was reduced to about 20 and 30% of WT control in MHC-ACS mice and partially recovered in MHC-DGAT1XMHC-ACS mice. The expression of glucose-6-phosphate dehydrogenase, another antioxidant gene, increased about 5-fold in MHC-ACS mice and went back to normal level in double transgenic mice (Table 2) .
MHC-DGAT1 Reduced Cardiac Apoptosis and Increased Mitochondria in MHC-ACS
Mice-Histologic examination of the hearts by terminal dUTP nick-end labeling showed reduced apoptosis in the double transgenic hearts (Fig. 5, A and B) . MHC-ACS mice have altered expression of apoptosis-related genes, and these were partially normalized with the MHC-DGAT1 cross. BCL2 (B cell leukemia/lymphoma 2) was decreased in MHC-ACS transgenic mice and increased with the MHC-DGAT1 transgene (Table 2) . Caspase 9 was doubled in MHC-ACS mice, and this was not changed by the MHC-DGAT1 transgene. Another apoptosis-related gene BAX (BCL2-associated X protein) was not changed. The reduction in apoptosis suggested that the MHC-DGAT1XMHC-ACS had improved mitochondrial function. Mitochondrial DNA copy number was slightly decreased (ϳ20%) in MHC-DGAT1 transgenic mouse hearts but was tremendously increased in 4-month-old MHC-ACS and MHC-DGAT1XMHC-ACS mice (about 3-fold compared with WT and 4-fold compared with MHC-ACS) (Fig. 5, C and D) . In some surviving 6-month-old MHC-ACS mice, mitochondria number was significantly decreased, whereas age-matched MHC-DGAT1XMHC-ACS mice had the same number mitochondria as 4-month-old mice (Fig. 5, E and F) . Therefore, the lipid alterations due to DGAT1 expression appeared to preserve mitochondria.
Greater Fatty Acid Oxidation and Reduced Toxic Lipids Correlate with
Improved Survival-To determine whether the histologic suggestion of improved mitochondrial function was associated with changes in lipid oxidation, we measured fatty acid uptake and oxidation in these mice. Fatty acid uptake in MHC-DGAT1 heart muscle increased about 13% and in MHC-ACS heart increased about 59% (Fig. 6A) . Fatty acid oxidation in MHC-DGAT1 mice also increased about 12%, almost equal to the increased fatty acid uptake. However, in MHC-ACS, fatty acid oxidation only increased about 16%, much less than the lipid uptake. In MHC-DGAT1XMHC-ACS mice, the fatty acid uptake and oxidation rose in parallel again (72 versus 61%). Thus, MHC-ACS hearts acquired amounts of fatty acids that were disproportionate to their oxidative requirements. We hypothesized that the functional differences between MHC-ACS and MHC-DGAT1XMHC-ACS mice might relate to differences in cardiac content of toxic lipids other than TG. We thus evaluated the relationship between specific lipid species in the heart and catheterization-derived measures of cardiac function in WT, transgenic, and doubly transgenic mice. Both DAG and ceramide correlated inversely with LVdP/dt max and positively with LVdP/dt min (Fig. 6, C and D) . This suggests that these lipid species or their metabolites play an important role in lipotoxicity in the heart.
The improved cardiac function in the MHC-DGAT1XMHC-ACS mice was associated with reduced mortality compared with single transgenic MHC-ACS mice (Fig.  6E) . MHC-ACS mice began to die at ϳ3 months of age, and 40% of the animals died by 5 months. The double transgenic line had markedly improved survival with only ϳ15% of the mice dying by 5 months. Thus, overexpression of DGAT1 in the setting of lipotoxicity reduced mortality.
DISCUSSION
We studied how cardiac TG is modulated during exercise and whether overexpression of DGAT1 affects heart function in normal and lipotoxic hearts. In contrast to pathologic hypertrophied hearts that have greater glucose and reduced fatty acid oxidation, we show that physiologic hypertrophy due to swimming leads to increased heart TG and induction of DGAT1 expression. We created a new line of transgenic mice overexpressing DGAT1 specifically in cardiomyocytes, which increased heart TG and reduced heart concentrations of both DAG and ceramide, potentially toxic lipids. MHC-DGAT1 transgenic mice had normal cardiac function. Thus, increasing heart TG stores either with exercise or via DGAT1 expression was not harmful.
DGAT1 is the rate-limiting enzyme required for the final step of TG synthesis in the heart, the conversion of DAG to TG. Studies in the C57/BL6 strain of mice showed that overexpression of DGAT1 led to no greater insulin resistance in adipose tissue despite more obesity (11) . Similarly transgenic expression of DGAT1 in skeletal muscle (14) led to greater insulin sensitivity despite increased tissue concentrations of TG. Skeletal muscle overexpression of DGAT1 led to a phenotype that was similar to that found with chronic exercise, greater TG stores, greater insulin sensitivity, and also greater fatty acid oxidation (14, 24) . The heart response to exercise was similar to that of skeletal muscle. After 2 weeks of exercise training, hypertrophied mouse hearts had greater TG content that was associated with a marked up-regulation of DGAT1. Although excess heart accumulation of lipid is associated with lipotoxicity in genetically modified mice (19, 28 -31) and is thought to underlie heart dysfunction in obese and diabetic humans (31, 32) , the greater TG storage associated with up-regulation of DGAT1 appears to be a beneficial metabolic adaptation to allow greater exercise capacity.
Metabolic adaptation in skeletal muscle to chronic exercise leads to increased storage but also oxidation of TG (14, 33) . A similar process occurs in the heart; physiologic hypertrophy is associated with increased lipoprotein lipase expression (34, 35) and greater fatty acid oxidation (36) . In addition, we show that DGAT1 is markedly up-regulated in the heart with exercise and is likely responsible for the greater TG storage. As discussed below, DGAT1 overexpression might play a role in the greater fatty acid oxidation as MHC-DGAT1 hearts had greater expression of PPAR downstream genes involved in fatty acid oxidation.
The MHC promoter leads to cardiomyocyte-specific expression of genes and has been used to assess specific genetic alterations in heart metabolic pathways. This promoter led to a modest ϳ3-fold increase in DGAT activity in the heart and the expected changes in heart lipids. TG was increased and DAG reduced. The increase in cardiac TG did not alter heart function. Thus, a modest increase in heart TG is not toxic. The data should be contrasted with that of the ATGL knock-out mouse that develops massive enlargement of heart due to a marked increase in heart TG that leads to mechanical dysfunction (28) .
Both DAG and ceramide are thought to alter insulin actions (37, 38) and would be expected to shift cellular metabolism to fatty acids. Indeed, the increase in PDK4 in MHC-DGAT1 hearts is consistent with this. A similar change in gene expression was found in muscles of mice expressing DGAT1 via the skeletal muscle MCK promoter, and this was associated with greater fatty acid oxidation in isolated skeletal muscle (24) . ACO1 and CD36, other PPAR regulated genes, were increased with cardiomyocyte DGAT1 expression. The reason responsible for this is not immediately obvious; however, it should be noted that the DGAT1 transgenic mice also have increased expression of ATGL, an enzyme whose expression provides ligands and activates PPARs in other organs (39) .
Excess heart accumulation of lipid is associated with lipotoxicity in genetically modified mice (19, 28 -30) . The toxic effects of lipids have been ascribed to a variety of causes. A widely held view of cardiac lipotoxicity is that excess TG and excess fatty acid oxidation are causal. Our study does not support this. Excess heart TG storage in the MHC-DGAT1 transgenic mice was associated with normal cardiac function. MHC-ACS mice develop lipotoxicity due to greater trapping of FFA within cardiomyocytes, cardiac hyper- trophy, and heart failure, resulting in premature death (19) . DGAT1 expression improved cardiac function in MHC-ACS mice. Expression of heart failure markers ANF and BNP was reduced. In addition, cardiac function assessed both by echocardiography and invasive hemodynamic monitoring was improved. Surprisingly, MHC-DGAT1 did not increase TG when crossed onto the MHC-ACS background. A likely reason for this is that up-regulation of ATGL and the fatty acid oxidation pathway balanced the greater lipid uptake. Nevertheless, the MHC-DGAT1 transgene improved survival when crossed onto the lipotoxic MHC-ACS background. Although our data suggest that MHC-DGAT1 leads to similar changes as exercise, it should be noted that when we exercised the MHC-ACS mice, it led to increased death, an outcome reflecting the underlying cardiac toxicity in these animals.
The mechanism of cardiac myocyte loss and resultant heart failure in MHC-ACS mice likely involves both necrotic and apoptotic pathways. In the MHC-ACS mice, DNA fragmentation and cytochrome c release are consistent with induction of apoptotic pathways. Moreover, lipid accumulation is associated with increased cardiac ceramide content in MHC-ACS mice. This signaling lipid may contribute to the induction or amplification of apoptotic pathways (19) . MHC-DGAT1 reduced apoptosis, presumably due to a reduction in toxic lipids, DAG and ceramide.
One likely beneficial effect of MHC-DGAT1 is increased fatty acid oxidation. Why this happens is unknown. However, reduction of ceramide (27, 40) , some other toxic lipid, or reactive oxygen species (see below) could have prevented mitochondrial death. Myocardial antioxidants inhibit or delay the oxidative damage to subcellular proteins, carbohydrates, lipids, and DNA. Although the exact mechanisms are not fully understood, it is possible that some endogenous antioxidants may reduce apoptotic cell death by up-regulating the anti-death gene BCL-2 (27, 41) . Similarly, peroxidases such as GPX1 or catalase may protect the myocardium against ischemia-reperfusion injury (42) (43) (44) (45) . In our MHC-DGAT1 transgenic mice, catalase increased about 3-4-fold in heart tissue compared with WT and normalized the depressed catalase expression in the MHC-ACS model. Thus, the up-regulation of catalase could have prevented oxidant damage to cells or mitochondria.
Glucose-6-phosphate dehydrogenase-derived NADPH, which is a co-factor for NADPH oxidase, enhances superoxide anion generation and elevates oxidative stress in diabetes, heart failure, and angiotensin II-induced hypertrophy of smooth muscle (46) . Elevated glucose-6-phosphate dehydrogenase activity and NADPH levels are found in diabetes (47) . Also, there is a 10-fold increase in myocardial glucose-6-phosphate dehydrogenase expression and a 2-fold increase in glucose-6-phosphate dehydrogenase activity in pacing-induced heart failure compared with normal hearts (48) . In MHC-ACS mice, glucose-6-phosphate dehydrogenase mRNA was increased about 5-fold compared with WT and MHC-DGAT mice. This increase was normalized in double transgenic mice.
High rates of myocardial fatty acid utilization are postulated to cause "lipotoxic" cardiomyopathy (49) . In contrast, greater lipid uptake and oxidation are characteristics of exercisetrained muscles and was a protective metabolic phenotype in exercised rat heart (50). Fatty acid uptake and oxidation were increased in all our genetically modified mouse hearts, but their function differed. In MHC-DGAT1 mice, both fatty acid uptake and oxidation increased; a similar situation occurred in the MHC-DGAT1/MHC-ACS transgenics. However, in MHC-ACS mice, the increase in fatty acid uptake was out of proportion to fatty acid oxidation. Although this might have been a primary cause of the heart dysfunction, it is also possible that it was secondary to a lipid-induced mitochondrial defect. De novo synthesis of ceramide requires palmitate (51) . We hypothesize that consumption of extra fatty acids via the introduction of the MHC-DGAT1 transgene increased utilization of palmitic acid.
Our studies and others (12, 52) illustrate a link between TG storage via DGAT1, induction of ATGL, and greater expression of PPAR downstream genes (Fig. 7) . Both ATGL and DGAT1 are PPAR-responsive genes, and recycled stored lipids might be especially potent agonists that promote fatty acid oxidation.
Both diabetes and obesity are associated with greater heart TG stores and decreased cardiac function (53) . It has been presumed that either TG stores or greater fatty acid oxidation are detrimental to the heart (19, 28, 54) . In part, this view is supported by studies in isolated perfused hearts that show that greater fatty acid oxidation in the setting of limited oxygen leads to more heart dysfunction or ischemic damage (54) . In contrast, studies in humans (55, 56) and in rodents (56) demonstrate that continued cardiac use of fatty acid is associated with normal response to increased afterload. Perhaps this need for a continuing source of energetic lipids is the reason that high fat diets are not detrimental in the setting of heart failure (57). FIGURE 6 . Fatty acid uptake and oxidation, correlation of lipids and heart function, and survival rates. A and B, wild type and transgenic mice (MHC-DGAT1, MHC-ACS, and MHC-DGAT1XMHC-ACS) (n ϭ 4) heart slices were incubated with [ 3 H]palmitate acid as described under "Experimental Procedures." C, positive correlation between heart muscle DAG levels with left ventricle contractile function (mm Hg/s), (adjusted R 2 ϭ 0.314; p ϭ 0.019) and with diastolic function (mm Hg/s) (adjusted R 2 ϭ 0.418; p ϭ 0.005). D, positive correlation between heart muscle ceramide levels with left ventricle contractile function (mm Hg/s) (adjusted R 2 ϭ 0.543; p Ͻ 0.001) and with diastolic function (mm Hg/s) (adjusted R 2 ϭ 0.628; p Յ 0.001). E, wild type (WT, n ϭ 10) and transgenic mice (WT, n ϭ 10; MHC-DGAT, n ϭ 15; MHC-ACS, n ϭ 11; and MHC-ACSXMHC-DGAT1, n ϭ 11) were followed for 180 days, and incidence of spontaneous death was recorded as a function of time. *, p Ͻ 0.5; **, p Ͻ 0.01. Our data show that processes associated with greater TG storage and fatty acid oxidation can be protective. Toxic effects of accumulated lipids that might affect mitochondrial function (58) or activate apoptosis pathways are more likely culprits. Although our studies focused on the heart, it is not unlikely that similar lipotoxic pathways are activated in other tissues. Lipotoxicity is implicated as the cause of a number of abnormalities associated with diabetes and obesity, including skeletal muscle insulin resistance, nonalcoholic hepatosteatosis, and pancreatic ␤-cell dysfunction (45, 53) . Future studies will determine whether DGAT1 activation is a viable therapeutic strategy for all lipotoxic diseases.
